Functionally active polymers were created through the incorporation of an extract from an agro-waste stream from the wine industry. Incorporation of this extract into three thermoplastics shows its potential to increase antioxidant activity, with minimal to no impact on the mechanical attributes of the polymers. Antioxidant activity was shown to be effective at a concentration of 1% (w/w) grape tannin in polypropylene and linear low-density polyethylene (LLDPE). The ability to obtain antioxidant activity at low concentrations helps minimise costs and maintain polymer physical properties. The binding of the phenolic compounds results in low leachability, thereby ensuring that the active compounds remain in the polymer for greater long-term effectiveness.
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Introduction
Polymers are moving beyond the role of merely acting as a packaging material, and in doing so new properties are required of them. As a consequence, active polymers are becoming more prevalent with the inclusion of antioxidant and antimicrobial activity. There has also been focus placed on switching from synthetic additives to natural ones to provide the desired activity [1, 2] .
Winery wastes are rich in antioxidant compounds, which also possess antimicrobial activities. The compounds present in grape marc, an under-utilised agro-waste, have already been extracted for use in nutraceuticals, food stuffs, as well as other products such as creams and lotions [3] . The abundant nature of the waste, and the relative ease in which extraction can occur, makes this an ideal product for incorporation into polymers.
Previous works have investigated the use of individual compounds or combinations in polymers, made by solution pouring and melt blending. These studies have produced films with antioxidant and antimicrobial activity [4] [5] [6] . Since isolation of individual products is time consuming and costly, the application of grape tannin (GT), which incorporates multiple compounds as monomers, dimers, oligomers and polymers, provides the opportunity to lessen both factors while reaping the benefits of multiple compounds.
Antioxidant efficacy for grape tannin incorporation into polymers by solvent casting method was shown previously by Olejar et al. [7] using ethyl cellulose films. However the plastics industry prefers thermal processing to avoid the environmental issues related to solvent handing. Hence, the current experiments investigate the addition of GT into three thermoplastics commonly used in the plastics industry: linear low-density polyethylene (LLDPE), polyethylene terephthalate (PET), and polypropylene (PP) following melt blending technique. Antioxidant activity, mechanical properties and leachability studies were performed to evaluate the utility of GT in these thermoplastics.
Materials and methods

Materials
2,2′-diphenyl-1-picrylhydrazyl (DPPH) and methanol were purchased from SigmaAldrich (St. Louis, MO, USA). Ultra-pure water was obtained from a Barnsted Nanopure water system (Thermo Scientific, Waltham, MA, USA). Grape tannin extract was purchased from Tarac Technologies (Nuriootpa, Australia). The LLDPE, PET and PP were obtained from VIP Packaging (Auckland, New Zealand).
Polymer blending
The polymers were blended as indicated below. Torque curves and temperature curves were monitored during the blending process to evaluate changes to the polymer matrix prior to and following addition of the GT. Following thin film production, films were stored in a desiccator at room temperature, shielded from the light.
LLDPE polymers processing conditions
LLDPE was processed using a Brabender DSE25 twin-screw extruder. Processing conditions were a mixing time of 3 min at a temperature of 150°C. The LLDPE pellets were melted for 1-1.5 min, after which either 0 or 1% (w/w) GT was added and blended for 1.5-2 min. The polymer films were prepared by using a 10-tonne heated hydraulic press (Carver, Wabash, IN, USA). Blended polymer pellets were placed between Teflon ® (Dupont, Wilmington, DE, USA) sheeting in a press set to maintain a constant temperature of 180 °C. Pressure was gradually added with a maximum pressure of 3.5-4 tonnes being maintained for 1 min.
Polyethylene terephthalate processing conditions
PET was dried in an oven at 100°C for 3 h to remove any absorbed moisture. The processing of PET in the Brabender required a temperature of 250°C and a total run time of 7 min. PET was mix melted for 3-3.5 min prior to the addition of 0 or 1% (w/w) GT, which was blended for 3.5-4 min. Thin films were then produced using a press set to 250°C with a maximum pressure of 3.5-4 tonnes for 1 min.
Polypropylene processing conditions
Synthesis of PP polymers required a modification of the Brabender processing conditions. The mixing time was set to 5 min with the temperature set to 180 °C. The polyolefin pellets were initially melted for 2-2.5 min prior to the addition of GT at the concentrations of 0 and 1% (w/w) , which was then allowed to blend for 2.5-3 min. The production of the polymer films followed those outlined in the LLDPE thin film production.
Leachable solids
Leachable solids were tested following the protocol outlined in The United States pharmacopeia, monograph 661 [8] . Briefly 120 cm 2 surface area of polymer film sample was placed into 20 mL of deionised water following two rinses with deionised water to remove any dust from the films and flasks. The flasks were placed in a 70°C oven for 24 h. Each flask was swirled and 20 mL of liquid was extracted and placed into a clean, dry and weighed petri dish. The petri dishes were then placed in a 100°C oven to evaporate the liquid extract and allowed to cool before reweighing. Analyses were performed in triplicate.
Mechanical properties
Mechanical properties of five polymer strips each were tested according to ASTM D882 [9] utilising an Instron 5567 tension tester (Norwood, MA). Polymer films were cut utilising a sharp blade into 3 mm by 70 mm strips and tested utilising the appropriate load cell; PET, 200 N; LLDPE, 200 N; PP, 1000 N. The gauge length was set to 25.0 mm with a crosshead speed of 5.00 mm min -1 . The thickness of the polymer films was measured utilising a micrometer at three locations along the strip and the average thickness utilised for all calculations. A total of five polymer strips per sample group were tested.
Antioxidant activity
Antioxidant activity was measured using a modified procedure to the one described in Villano et al. [10] and Hsu et al. [11] . DPPH radical solution was made in 80% methanol for a final DPPH concentration of 63.4 µM solution. Triplicate polymer sections of 20 cm 2 total surface area were rinsed with ultra-pure water prior to being placed into 20 mL of DPPH radical solution. Samples were then shielded from light and allowed to sit for 24 h at room temperature. Standard DPPH solutions were made at concentrations of 63.4, 31.7, 15.9, and 7.9 µM. The absorbance of the solutions was read at 515 nm using an 80% methanol solution with subsequent calculation of the DPPH radicals scavenged.
Statistical analysis
Basic analysis was performed with Excel 2010 for Mac (version 14.4.7, Microsoft Corporation, Redmond, WA, USA). Further statistical analysis was performed with JMP for Mac (version, 11.2.1, SAS Institute, Cary, NC, USA). Matched pairs t-tests were performed to assess the statistical significance between 1% GT polymer blends and the matching control polymers.
Results and discussion
This work aimed to assess the effectiveness of an agro-waste product from wineries to work as an antioxidant in LLDPE, PET and PP. DPPH radical scavenging was used to assess the antioxidant system. Physical attributes were measured to determine any negative or positive impacts from addition of GT.
Leachable solids
The leachable solids extracted from the polymeric compounds were below the permissible limits of 10 mg for all formulations (Figure 1) . However, PET and PP with added grape tannin did have significantly increased levels of solids extracted, P < 0.01 and P < 0.05, respectively, over the appropriate control. Although there were solids leached, the values remained low. This indicates that GT is bound to the polymer, possibly through incorporation into a crystalline matrix, encapsulation would bind the GT to the polymer preventing it from leaching. The three selected polymers have the ability to form crystalline matrices, which can utilise GT as a nucleation site.
Mechanical properties
The mechanical properties of polymers and their GT blends are shown in Table 1 . PP showed no observable change in mechanical properties after incorporation of GT. PP with grape pomace extract at 1% (w/w) was studied by Ambrogi et al. [12] for its effects as a stabiliser within the polymer. In that study, it was shown that the mechanical properties of the polymer blend were not decreased when compared to control. While in the current study, mechanical properties of the PP blends were within the standard deviation of the results obtained for the polymer on its own, the blended polymer had larger mean values for most attributes tested, suggesting the possibility that GT addition has a polymer stabilising effect. Increased stability of the polymer can be attributed to increased crystallinity, as observed by Nielsen [13] in polyethylenes with various side chain branching amounts resulting in differing amounts of crystallinity. Student's t-test: **P < 0.05, *P < 0.01, n = 5.
PET remained relatively unchanged with only the maximum load being increased (P < 0.05). The maximum load increase in PET may be attributed to the formation of crystalline complexes in the polymer. The formation of crystallinity would increase the rigidity of the polymer and permit a greater load to be exerted before failure. Indeed PET is readily crystallised and the processing conditions play an important role in helping to either limit or enhance crystallisation [14] . The phthalate group plays an important role in the crystallisation as the six membered ring provides rigidity to the polymeric chain. The increased load may be linked to GT acting as a nucleating site for crystallisation. LLDPE had lower values for maximum load, modulus segment, and tensile strain at break with added GT. The branched chains provide ample sites for hydrogen bonding to occur, and strong hydrogen bonding which would securely bind the GT permitting minimal leaching but also lowering the mechanical properties. Hydrogen bonding of GT would limit binding between polymer strands and allow for slippage between the strands. LLDPE has the ability to crystallise when there are a low number of side chains and they are random [15] . The addition of GT to the polymer can result in a decrease in binding between the polymer strands and a subsequent reduction in polymer strength as the size of the GT molecules can inhibit the ability of the polymer strands to fold upon themselves to form a crystalline structure. The work of Nielsen [13] supports the current findings and the hypothesis that GT decreases the ability of LLDPE to form crystalline structures.
Antioxidant activity
Antioxidant activity was measured using the DPPH radical scavenging assay (Figure 2) . Examination of the radical scavenging data by applying Student's t-test, PP had a significantly increased (P < 0.01) antioxidant activity. LLDPE and PET both displayed a two-fold increase, but the inter-sample variability in LLDPE does not allow for significance to be established. Large inter-sample variability can be attributed to the amounts of GT present at the surface of individual films for antiradical scavenging. Furthermore, initial antioxidant activity seen in the LLDPE films can be attributed to the addition of antioxidants to the polymer during manufacturing. This was also observed by Nand et al. [16] in pristine LLDPE. The low activity in the PET samples is a result of the thermal degradation of the phenolic compounds during its processing. GT incorporated PET values were 10-fold lower than those of PP and 20-fold lower than LLDPE. GT was found to have decreased activity at 200°C following a 120 min exposure [17] , however the current processing times do not come close to this time. The processing temperature of PET is 250°C thereby providing temperatures where GT degrades markedly as Sólyom et al. [17] saw increases in degradation as temperatures increased and exposure times decreased. The increased activity of GT in PP can be attributed to the methods by which GT is incorporated. PP with alkyl side chains does not have the binding sites for strong hydrogen bonding; therefore compounds can be bound through encapsulation. Encapsulation allows for all active sites of the phenolic to remain available for scavenging. When PP crystallises, it folds upon itself presenting areas where encapsulated GT can be exposed on the surface. The folding of PP during crystallisation is important for making these sites available. While encapsulated in the crystalline structure the GT would not be readily leached and would provide active sites for radical scavenging. Inter-strand binding would also add to the ability of crystallinity to form, which would help maintain PP strength in view of GT observed plasticisation affects.
LLDPE provides a matrix where encapsulation can occur. The branched chains provide ample sites for this to occur. The regular ordered structural nature of LLDPE helps make crystallinity possible as the chains can stack easily to form the crystalline structure [18] . The antioxidant activity remains high in these samples, as the GT appears to be encapsulated to single strands of polymer, evidenced by the decrease in tensile properties, most likely a result of decreased crystallinity.
Conclusion
Antioxidant activity was enhanced in both LLDPE and PP with added grape tannin. Both PP and LDPE GT blends meet leachable solids testing, but only PP showed no observable changes in physical properties. In the current study, PP is an excellent choice for further investigation as an active polymer. LLDPE also requires further investigation to establish the significance of the antioxidant activity increase as well as the impact and mechanism of the observed physical properties decrease. However, owing to the high temperatures associated with the processing of PET, GT incorporation is not a viable option for PET based active polymers.
